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FINAL TECHNICAL REPORT (Dated 8/28/01)

AFOSR GRANT #F4920-97-1-0497, P00002
(150-6756)

“SHOCK PROPAGATION AND SUPERSONIC DRAG IN
LOW TEMPERATURE PLASMAS”

SUPPORT FOR:

AFOSR-SPONSORED WORKSHOP ENTITLED:
“Understanding and Control of Ionized High-Speed Flows”
Princeton University
Princeton, NJ 08544
February 26-27, 1998

ABSTRACT

This grant supported the costs of an Air Force-sponsored workshop, “Understanding and Control
of Ionized High-Speed Flows,” which was conducted at Princeton University, February 26-27,
1998. In recent years, there has been a great deal of interest in the formation mechanisms and
properties of air plasmas. This interest is, in part, motivated by experiments conducted in Russia
and in the United States which indicate shock propagation in weakly ionized air plasmas is at a
higher velocity than would be predicted by presently understood models. If this is, indeed, the
case, such plasmas could be used for supersonic/hypersonic drag reduction. In addition,
atmospheric plasmas could influence flow control devices, electromagnetic attenuation, and
hypersonic propulsion systems. As a consequence, the formation of such plasmas in atmospheric
pressure environments, and the study of the properties of these plasmas, are of significant
national interest.

DISCUSSION

The purpose of the workshop was to highlight the basic science issues involved with controlling
high-speed flows using weakly-ionized plasmas. The specific objectives of the two-day meeting
were to review recent experimental/theoretical research in this area, and to exchange ideas/
understanding on the basic flow physics of the problem, and to discuss future research directions.
Princeton University was a natural location for this workshop since work is underway here to
examine both drag characteristics and electron discharge physics associated with weakly ionized
plasmas.

Sixty individuals, each of whom is considered a leading authority on this issue, attended the two-
day workshop (a full listing of the participants is located in Appendix A). The first day of the
workshop consisted of four sessions on an agenda of twelve speakers and covered the following
topics:




Session I: “Introduction to the Problem” (presentations by B. Ganguly of AFRL and A.
Auslender of NASA LaRc).

Session II: “Aerodynamics of Ionized Flow” (presentations by R. Miles of Princeton
University, J. Shang of AFRL, N. Malmuth and V. Soloviev of Rockwell Science, and V.
Subramanian of The Ohio State University).

Session ITI: “Theory and Computation of Ionized Flows” (presentations by G. Karniadakis
of Brown University, K. Powell of the University of Michigan, and S. Nazarenko of the
University of Arizona).

Session IV: “Plasma Generation and Maintenance” (Presentations by S. Kuo of Polytechnic
University, J. Kline of Research Support Instruments, and W. Rich of The Ohio State
University).

The second day of the workshop, the participants were divided into four separate working groups
for further discussion, followed by debriefings and laboratory tours at Princeton.

Appendix A is a complete record of the two-day workshop and includes the final agenda for the
meeting, the complete list of participants and their contact information, as well as copies of each
of the presentations for all of the four topic areas listed above.




Princeton Uni\’Cl‘Sity School of Engineering and Applied Science

Department of Mechanical and Aerospace Engineering

P.O. Box CN5263
Princeton, New Jersey 08544-5263

FINAL AGENDA

AFOSR-SPONSORED WORKSHOP:

"UNDERSTANDING AND CONTROL OF IONIZED
HIGH-SPEED FLOWS"

February 26-27, 1998

MEETING LOCATION: Convocation Room (C217) Engineering Quadrangle

Olden Street, Princeton, NJ 08544

THURSDAY, FEBRUARY 26, 1998:

7:30 AM
8:00 AM

8:30 AM

9:30 AM
10:00 AM
10:30 AM

11:30 AM
12:00 PM
1:30 PM

2:30PM
3:00PM
3:30 PM

4:30 PM
5:00 PM
6:00 PM

SIGN-IN/COFFEE
OPENING REMARKS: G.L. Brown--Chairman, MAE Dept., Princeton
R. Miles--Princeton
S. Walker--AFOSR
SESSIONI:  INTRODUCTION TO THE PROBLEM
B. Ganguly--AFRL, A. Auslender--NASA LaRC
DISCUSSION
BREAK
SESSION II: AERQODYNAMICS QF IONIZED FLOW
R. Miles--Princeton, J. Shang--AFRL,
N. Malmuth/V. Soloviev--Rockwell Science
V. Subramanian--OSU
DISCUSSION
LUNCH
SESSION III: THEORY AND COMPUTATION QOF IONIZED FLOWS
G. Karniadakis--Brown U., K. Powell--UM, S. Nazarenko--UA
DISCUSSION
BREAK
SESSION IV: PLASMA GENERATION AND MAINTENANCE
S. Kuo--Polytechnic Univ., J. Kline--RSI, W. Rich--OSU
DISCUSSION )
FIRST DAY WRAP-UP
RECEPTION, Prospect House

FRIDAY, FEBRUARY 27, 1998:

7:30 AM
8:00 AM
8:15 AM
10:30 AM
11:00 AM
12:00PM

SIGN-IN/COFFEE

OPENING REMARKS
WORKING GROUPS

BREAK

GROUP DEBRIEFINGS
LUNCH/LABORATORY TOUR
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PARTICIPANT LIST

AFOSR-SPONSORED WORKSHOP:
"UNDERSTANDING & CONTROL OF IONIZED HIGH-SPEED FLOWS"

PRINCETON UNIVERSITY
FEBRUARY 26-27, 1998
NAME ADDRESS PHONE/FAX E-MAIL
NUMBERS
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FINAL AGENDA

AFOSR-SPONSORED WORKSHOP:

"UNDERSTANDING AND CONTROL OF IONIZED
HIGH-SPEED FLOWS"

~ February 26-27, 1998

MEETING LOCATION: Convocation Room (C217) Engineering Quadrangle

Olden Street, Princeton, NJ 08544

THURSDAY, FEBRUARY 26, 1998:

7:30 AM
8:00 AM
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10:00 AM
10:30 AM

11:30 AM
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SIGN-IN/COFFEE
OPENING REMARKS: G.L. Brown--Chairman, MAE Dept., Princeton
R. Miles--Princeton
S. Walker--AFOSR
SESSIONI: INTRODUCTION TO THE PROBLEM
B. Ganguly--AFRL, A. Auslender--NASA LaRC

DISCUSSION
BREAK

SESSION II:  AERODYNAMICS OF IONIZED FLOW
R. Miles--Princeton, J. Shang--AFRL,

N. Malmuth/V. Soloviev--Rockwell Science
V. Subramanian--OSU

DISCUSSION

LUNCH

SESSION IIl: THEORY AND COMPUTATION OF IONIZED FLOWS
G. Karniadakis--Brown U., K. Powell--UM, S. Nazarenko--UA

DISCUSSION
BREAK

SESSION IV: PLASMA GENERATION AND MAINTENANCE
S. I§uo--Polytechnic Univ., J. Brandenburg--RSI, W. Rich--OSU

DISCUSSION
FIRST DAY WRAP-UP
RECEPTION, Prospect House

FRIDAY, FEBRUARY 27, 1998:

7:30 AM
8:00 AM
8:15 AM
10:30 AM
11:00 AM
12:00 PM

SIGN-IN/COFFEE

OPENING REMARKS
WORKING GROUPS
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GROUP DEBRIEFINGS
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3.5

" Shock Structures in Decaylng Plasma’’

Argon 30 Torr, 5S0mA
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Average Velocity (m/sec)

Average Velocity of Front and Back Boundaries

of Shockwave at-Center and Off-Axis

as Function of Discharge Current
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Deflection Signals:Downstream of Discharge

Pulse Energy 81 Joule

4cm frﬂmanode 0mA

. Discharge Current’

40mA “ | “

o 60 mA N

0.0

1.02 1.04 1.06 108" 1:10- 12 - 114 116
mS

L - 11 cm from anode:

12— |
@ : o K l
1.0- | '

0.8

0.6

o4

i P "
H Eaaanasse i nann e od

.
1

Y 118 1.20° 122 - 1:240 .26 - 128 7 130 1.32




r
’

x102

20

15~

10

He 60 Torr

laser signal

40:6 cm:from spark
5 mA i no discharge
H \

x1(_)

\
- N \
A R
F A : : ka:'\"' L‘" :
i1 LI L] l LR | R l | DL l L] -8 ,;I ) I
390 400 " 410 420 30 440
20 M i ﬁ; X x
‘microphone signal-, i\ i T
g i +\ iy Ay
91 cm from spark:-+ F-y T -
15 - fri i
e '| \ ) . N
' ' . 4 ) A
t ‘. .' q. y pis !
10 ERERE R R G s
! -+ ‘ \'}‘ M\ oifis ~ \ .'/[ [
¢ Ch ; i | A A=
! 4 [} ) j/ -t )
. Ry /. R ]
5 ¥4 l A : :
: i
] i W .
0 52 - ""I :
-5 ";
900 910 920 930 ‘940 : - 950

- x10




doysiop paads-ybiH / HSO4V

101u3)) Yoreasay A9[3ue VSVN
Japuojsny uoIey
SONSS 2Y}) JO MIIAISAQ UY — uononpay Jei( ewseld

8661 ‘LT-9T AYVNIddd
ALISYAAINN NOLIONIAd
dOHSIJOM dSOdV

SMOTd dd3dS-HOIH
ddaZINOI 40 TOULNOD ANV ONIANVLSYHANI

Jojuan yoieasoy Aejbuet YSYN

® ¢ S ® |




doysy.iom peads-ybiH / HSOAY

NV — siuewnadxy aqu], Yo0ys o
YL YVSVN — Siuowiadxyg 9AemOIdA-PIEOqUQ o
N0 — swsiueyody a3uey oustjed o

Nao — sswnadxyg 9010 1Y JO sisA[euy e

qSVDI Pue DYET/VSYN — SNd0] YoIeasay juasald e

SoNSS] PoIe[oy pue JUSWIEIS W[qold o

ANITLNO

Jojua) yoieasay Aajbue YSYN

* .
e ] ° e o ® ®




*931eYSIp A JO SIXE ) U
A 00v1 S L yum ‘padeys-jaq st Jalutelp Iy duofe uonng
-nsip sunjesadwa) 9Y) JEY) PIMOYS SHUSLIAINSEIW YT, 7SN
-3[0Ul 3y JO EJjoads UONEI0I—UONEBIQIA UOMD3d 3yl woy
pue ‘Anawoikd uoneipes £q ‘gidnodoway) PwInfy—[awoyd
Jo suemw £q ‘swesdoipyidul  wolj sed o1 Jo
Aysusp s Suunseaw Aq :sonbiuydd) [RIIAS Kq pauruiep
sem vwseld oy Jo %z osmesadwal dnBuDised UL A9 -1
~ °7 sem 2amesadwa) uONI|3 Y} pue ‘9-01-5-01 = © sem
JUSIOYJO0D UONEZIUOT Yl ‘c-WD 7y-0f~(1-0l = Sem Kuisuap
uoNNII 3, “WI/VW 0S-ST JO Aususp uannd a3seydsip e
pue 110} 05-0p Jo sinssad sed e e 33reyosip Sunwing Ajipesls
€ Ul N0 paLuEd sem SwAWUAdXd JO SILIS urew Iyl

* +(asoqds oy JO KIISO[9A O St A PUS ‘LI00[9A PUROS IANRYS? 2y

51 ) /W 0OC1-0SE] 19pom [¥oLayds ¥ Jo SIUI0[3A JO a3ues o U wwsd
w w Lioopea punos (waned moy om Surwanod) ,aanceyd, € ol

snu‘a goyz  00TC 0003 008 00%h oot 003
© .
Qo o )
o
o o ° ° 008
i\m\—:.‘w

® ® ) ®

saIsAyd uononpay beiq ewse|d

Jajuan yoieasay Aajbue] vSYN

(©=cwd AP O .

1661 uUnp *(Q)LL "N "SAYd "ydIL ‘A0S wiLV

+(asayds a4y Jo K1100[2A Yy 51 4 puB ‘Y OSET = L 18
318 UT 2UWSIP JJOPUIS IALE[33 3y} S iy ‘ewseid oY) ul }o0Ys 04 9 JO
IUWISIP JJOPUNIS AALR|3S Y} §E nﬁ vwsed o) s¢ asnjesadwd) awes HY) 1w
J18 Ul QOURISIP JJOPUTIS 0ALE(3S o) JO snjua pajujnojud Suipuodsanod 3y
o) wwsujd adiuydsip-mo[3 ® y3nosyy Suraows asayds ® w0y Yd0ys moq Iy}
JO QDUNISIP JJOPUEIS ANB[IS PauIULARP Amvawuadxa jo oney 7 Ol

%0 00v2 ooz 0002 008t oost oové 0024
s ¥l

- 9%

81

{1661 ‘Tt 2ung) 1259 ‘LY T "Y1 “4Z suwsid
(1661 *11 1wdy ponjwigng)
JOABA °d | PUB ‘A0S *] 'NA ‘UIYSIN °1 ‘D

ewse|d

ebleyos|p-seb e uj Ajjeojuosiadns Bujrow aiayds e punole Moj




doysyiom paads-ybiH / HSO4Y

84V NOSHILLVYJ-LHDIHM ‘AHOLYHO8Y T LHDIHM
H3IONIZ1379 'd ANV ATNONVO 'N '8

SVINSVd

NOODHV ANV NIODOHLIN WNIYEITINO3INON
NI NOILYOVYdOHd JAVM HOOHS J1LSNOJV

(vw) uaun)d)
0c1 08 ob 0
o | i } " i 1 ]
e . .....;0...»6..&.%0
\\\\ ’
..
0‘;\\ o ..w\.\
0, S
"/
\nnY S !
.0 . /
mLe T EE AT ol 114
-0 se Pl
. ‘ ss. . 1
o /
o © W.- .\ \l
. 7
..o. ;o
. . .
- ...\: - 40 .\: e b Ob
D.\a .\-
.. vV
..... . U\ R\l
. e .\ m,
[ 4 rd .
\u.\o. w7 09 .
.7 -\
\.\ '\
- o .
G /
.-.\-
- wyn |
_.»"" 2anos yeds woyy 08
. wa 7'0g @

(oas/w) Yo0ys Jo a8pa Suryien pue Suipes| ‘a8ueyd KI190]IA

juawainseaw [eoidA) 10}

opewayds [edldidall

Aladng Adong Adang
jamod 19M0d Jamog
ﬂ 2poIQ VOIS #001q VOIS apoIg YoNIS
101859039 1|_ 2002501950 136601
Bunuiy \eubig
05¢6 401091 L lauueug
yaumsg giouued u>uﬁ>° wIous
w mu 1a6Bu1 o)
afieyop ..;Mi JopaeQ oeeg oau weds om0
aieig pios s ns 1306u ]
\
— _ -
f -
= - OV 7 .w\\ -2
i awn, —
3UOUA0IINY 3l SBY 40g Jwng J aa:ou—ﬂwo .
\Q‘ 19587 ONOH * 7 15T INIH " _ 0136601
_ | onoede)

“Cang
382U0A ubi
ase

bua:m
iamog
YE'0 A¥OY
hacng
abeyoA b
asen

Wasing
uoHeIAug

taang
Suidiey)
cusece)

<

dojua) yoleasay Aejbuet YSYN

L




(LIMIA) Adelepoyy] “Y

SIABA O0YS
pue SOIUEUApoIdy duosrdng

3} Uuo dudNJuU] SI| pue
331eYISI(] FABMOIIIA [eINJLIDIIPU[])
Y} Jo SIISAYJ




bt 3 ot ¢ 0
0
| !
— _ \ zo
WIS dx3g <
. A 0
e . 50
i n__oﬁuE_.me. :
90
/4
ot t

1 bolor o %WF

XTI UonEIPEy,

s[oym sqlosqe sjuauwely EY ST
JAEmoO.DIUI 9} JO .-)jvu L

T ./.

g
\ )
,_
i

Hureans papoldxa
vo \
' SAEM Y0US\
N
uoy)§s SAP3S

|| g HoMAsE] o

| | pusWwLRdxT

oo v |
:

o1

19 yun P3ud] Judely
£q paqlosqe AS19uUd AP SIAIS JAEM
yooys 3 Jo (NN K1oysafexy aseqd aqy

g W asem }ooys Yy} $IJeIIUIT pue sapordx?

UONJBIpEd  JABAMOIOIW Aq pareaq 3uldq
(1oweaays) JUIUWR[ JUIWE[Y yoeq

..wow.:Eom_Q JOWBNS IABMOIIIA] 243 JO AN[IqV uond.aosqy




s 1*p uvy 240w sjpnba uo18a1 a310yosip Jo aun A10wiaw 3y e
‘UonpINp w1} IADM Y20y asind 21} SISVILOUL e
‘saapm yo0ys asnd a1 SapNUID @

:U0182.4 284DYISIP DY) KOYS SJUIUIIINSDIWU Y |
. sureaSoffroso jeard£y aq L

ZW/AN01-10°0 - Jamod a—“—_uu.mw
Japad 1101 09,-01 - squssoutl s8h.
RSNV wd §'8 canu— O’Ctin.o -

Joimppl

weaq

V- .l.l. T . ] .\. "~
/ oo Niwome -1, N 1 . , q
~ N il P =
N, . .

—— > . = Jswog . w,. Joisaauad
\Sroaop Mo / T \ ..... ik L o did 2ABM Y045
Jsewopous )~ lsingez =P TP Juawiraadxa 3yl Jo dwdyds 3y L,

3818 ISI(] FABMOIDIA] B Ul
UOHENUINY IABAA {I0YS B INoqE Bie( [ppuawriadxy ay],




ﬁuso..v—

ol

yybwap Fnom 2437070 - 4

8 9 14 T

swool =—=>

“E Qh lo.cutnlal-.

\,llllll,,\"“.llll

§# o2

——— $0

.. 1

T RN oo ve .s- W.—

ol

vy
cd

€

OmU\mU

g ="

'S0
01 dn auiny d10waui b SDYe
‘sonouaSowioyu
J0y  2|pISOJONU  SDYe
28D424D Ul pa1D3lf S1e
101821 28.101os1p Al
:38Y) Moys duapuadap ayL

K|

ysep-sw (0T ‘30p- sw QS ‘pI[os- SW YT
:38.1eYydsIp 1318 awn AC[dap AL

ewsed

354BYISIP AEMOIDIUL SUILEIIP

33 ut (§)°D Jaquinu 3AEM U0
3suapuadap 12094 punos ay ]

U0152Y 284DUYISIT IADMOIIIY
3} JO SPMIS A1IIUWO0IIYIIIUY NISN0IY Y ],




sa1sAyd uononpay beiq ewse|d

_ :.~33.s — N&mo + 71— :.~33.s
o Wenen Mmmy — 370 + ,m—
NQ w@ 1 Nﬂ@
- - Ulm + ! o J- -
0= (35 50 DA " 55
10 10 u
= T e+ :ﬁ AN
0=(ipg ~ugg)" " et
.@D = A
WA = YA
A . NV.:OQ.I. =

(“A — *A)¥m — ™0 [P A Lo~

Ua . D:OQI

(*A — ¥A)Mm — :oq\aquul

Jojus) yaieasay Asjbuet YSYN
® v ] A 4 & ® ¢

' J




’Am 113 Tow Age 1020041 IDY

saisAyd uonanpay beiq ewse|d

[uorponsy uoywzruor] 6oz

T T T T T T Q
B— /A
<———UOHODLS UOHDZIUOL LT —~
c 99
\ el d
/ e y3
/ ol
O] e~
7 7 18
5§18
g I8
m 9 18
\ -
& <——-U0}39DLJ UOHDZIUOL %0S \~ .
_ 1 — 1 — 1 1 1 [ m

(,oaep-so[g,) paImbal .
Jue}suod S Uoyouly uorezuo (2)

arxe suopjoetq uorjeziuo] adre (2
@) wa} spenba ,0A8pN-MOTS, 89U} O} PAUM-IBRd,

qman yjduai~-oAes-~-3uo] 8y}
onjey punog-jo-paadg pardnooun (T)

uy sajufedoad Liuo ,0a8n-m01S,(T)
;powmsse S[sA[eUy

{UOISNOU0)

Jajuan yoleasay Aajbuet ySYN
9 L J v - 2 J | L ® ¢




doysyioMm paads-ybIH / 4S04V

(NSO) 1es uonenba  piny,, JUBAI[I Y} JO
sisA[eue pue (S)wsiueyosur paje[al jo judwdo[ars( e
(s)wstueyoow painbal oy Jo spmyuSewr Ay} SSsse 0}
Lo/, (H0HS y— x)-2 0p = 2040, :sse[d 9y} Jo uonounj 3urdioj

[enusd e Surkojdws (FSVII pue DY YVSVN) Sul[[opoA DINSA e
(gSVOI PuUt DULT/VSVYN ‘N1SO) $193)3d wnuqriinby wol-1eq «

(NSO) uorar yooys oy uf
soxny AS1ous/unjuswowt/sseuwt SplRIL <—
punos-jo-paads seouanpuy <—
(saxnp) syuIs/sadinos 3ulAey
uonenba onouny uuewzijog ay) Jo

’

suonnjos Areuoneys sponted [ennou <— $199)J7 WNUQIInbY Woly-Jed
s[ennau , paall-3uoj,, <— $o1el1S 9]qeISEIA o

uononpoid uond9d Oy, <— SUONORAI <— LIS PAIXY »
So1UIY

SINO449 HOUVASHY LINISHdd

Jajuan yoieasey Asjbue] ySYN

 J L v ®» < e . ® e '®




aaem-3o0ys 11°9

¥

ol 8 9 ¥ 2 0 Z ¥ 9 8§01

OWsdal-
ONs@ —

00

X4

o (9261 AIng) T6i=LL1 ‘1L T 3091 “dxT WZ
co (SL61 ‘1T 39QUIAON panuqns)
" $39UA1IS Jo £LiapTIY uDIUIDAYNf) ‘ANINISU] [oa1uyd21-021584d pup
so *55ud1IS fo AWapDdY ULIUTLy) 'SHUO04II|T puD sausdydoipoy 4of anusuf
o0 ‘Bojostapy 40f asminsu] y240asay aoy, 404
ro AONIAON '3 “A PUE ‘ASBSION 'S 'S ‘UDIAIOWON "W “A ‘SIEX ‘A Y

S suonenba onauny ajonued ay)y Jo SUORN|OS me|-s1omod uomxm

*saguwa paads soydry uy wnuqinba 03 Yavoaddy °g "vid

S3INIL NOISITI0D NY3RN
vl [4) ol 8 9 v T

(o]

v " v v o
€T-1T « u .
1Z=6'1 ¢ co
61=L1 v v °
L1=-s’t o v0
§1-€'4 © .
Nfn . 90 :\:.
- v ° °
L] " o ‘.o *
a o ° ) Yoo o o . (£9u1 AvIN OF _.529.35
N 0 g o—p—2 o't vipasny ‘houphg
b % - e v a ¢ Ve e o7 - ‘iouphig fo fijisavuitef) ‘Guravoaugy IYNDUOR Y Jo yawpndoq
auygl ‘v "D
= T
24 [*] 0} §°0 98UV U BANIV[OW JO UOKIVL] g “OL] se) Quwﬁmm @mwmﬂm €
SINIL NOISITIOD NV3NW up wnuqinby [eUOJB[SUELL,
vi 2 ol 8 9 v 4 %o
INTIVA NNIYBINNO3
) vo
’ f PUv|BUT H10ISYIUD Y 4IISIIUD Y o Lusaoapuny ‘Spin| Jo S2uiPI Jo auavdaq
90 +QYIg 'V 'O
o0 £129) vgv—_&m _.u_w_m e U] 24n3dNAS v>a>>-v_00r_m
o'l

L ] & 0 L 3 ‘ e P ° .




(3{r0M 21M3N0])

uonerouod ewseld pue sjudwLddxs uoIsIadsIp Jo0yS
S109]J9 Eztﬁ::wocoq —
so[orred pajroxa pue pagieyd uo J9Ae[ 911099 9[qNOp JO duanjul —
uonexe[aI JuLInp SOIUBUAP [RUOISI[J00 —
A319u9 [eUI)UI JO UOTINQLISIP —

SWISIURYOIW [eJ1SAYd SUIA[Iopun JO UONBUIULIS(
20UR)SIp JJOpUB)S —

sjuowLIadxa ogues onsi[eq Jo sisk[euy
~ uorjeSedoid juoxy yooys —

syuowrodxe aaem-teue]d Jo sISA[euy

ANTATIOY 12183say NAO




'SW )0 [< 2q ue)
-so102ds sesd uo spuadop awm Keodp MO[SIOYY

's1l 00 T~ uonydoour vwse[d WOIJ aW-aSTY

"UOTJRIPBLIL J9[OTABII[N [IIM 9SBIOU]

'D 005~ 2A0qe/M0[2q
JO P[9Y O1JRUSEU SSIOASURI) JB JULISIXSUOU/PIONPIY

'P[OL] OL1OI[d porjdde 70 uoONPAIp uo Juspuadap JON
U1="1 18 p2AI2sqO JON

"1<<’1 e sose) IB[NIJ[OIA] 29 JTWIO)Y Ul
SIRPH Snojewrouy,,




(syumomrradxa

o3uei onsi[eq) [opow

Teor1oyds e punoie se3 pazIuol
Apeam ur mofy oruosiadng g e

uonegedoad [erxeoo
[eoLIpUI[Ad T
vonegedoid asioAsuen
oerd-forjered °1
o31eyosIp MO0[3 D(T © y3noxy}
uone3edoid 0ABM JOOUYS 'Y o

SIUQWILIdAXH O1IQUAN)




3

Shock Front Velocity in Cylindrical Glow Discharge [Phys. Lett.,A230, 218-222 (1997)]
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Shock Propagation Velocity in Weakly lonized Gas

+ Ballistic Range Experiments
o Planar Shock Wave, Positive Column

x Planar Shock Wave, Cathode Region
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Density of Argon Excited States; Discharge Type A. 2.(C

athode Region)
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AERODYNAMIC APPLICATIONS
OF WEAKLY IONIZED PLASMAS

R. Miles, S. Macheret, S.H. Lam, P. Efthimion, L Martinelli
Princeton University

Drag Reduction
Plasma Ramparts

" Flow Control
- By Localized Energy Addition
- By J x B forces

Control and Intiation of Chemical Processes

Power Extraction
- MHD in an engine inlet (AJAX)

- MHD in ionized flow

Hypersonic Wind Tunnel Drivers
- By Energy Addition through microwaves
- By MHD acceleration

~ Suppression of shock strength and sonic boom



SUSTAINING A PLASMA IN HIGH SPEED FLOW

Important for Drag reduction, Plasma Ramparts, Flow Control,
Shock Suppression, MHD, and Combustion Initiation and Control

Discharge may be blown out

Thermal (equilibrium) plasma will need to be reinitiated -
a thermal plasma cannot propagate at supersonic speed

Nonequilibrium plasma will require high electric field and high power

A filamentary plasma may serve the purpose and will require less
power (a small portion of the volume is ionized)

Filaments may be guided by laser or electron beams

A high power microwave may be the preferred source.




SUSTAINING MICROWAVE DRIVEN
PLASMAS IN ATMOSPHERIC PRESSURE AIR

Thermal Regime

- Requires T,;,, > 4000K

- Needs relatively low microwave power (kilowatts/cm?‘)
the power offsets the thermal losses

- Long lifetime (cooling time)

Nonequilibrium Regime

- Requires high power microwaves to overcome the electron
recombination and attachment rates

- Diffuse plasma (low pressure)

- Low temperature neutral species

- Filamentary discharge (high pressure)
' - High temperature localized streamers
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FILAMENTATION OF ATMOSPHERIC
MICROWAVE DRIVEN PLASMA
Grachev, Esakov, Mishin and Khodataev

Moscow RadioTechnical Institute




LASER GUIDED ARC FORMATION

ELECTRODE
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DRAG REDUCTION
Experimental Observations

Shocks Accelerate Upon Entry Into Plasmas From Neutral Gas

Dramatic Changes In Structure:

- Shock Front Broadens

- Amplitude Decreases

- Shock Typically Splits Into Two or Three

Effect Persists for Quite a Long Time (up to 1 - 10 msec)
Observations Were Made In Various Discharges (Longitudinal And

Transverse),In Various Gases (Air, Argon, Hydrogen, Helium, Etc.)
Using Various Diagnostics.

Ballistic Range Experiments Seem to Imply a Change in the
Effective Speed of Sound, and Show Decrease in Supersonic Drag.
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EXPERIMENTAL CONCERNS

. Temperature

- In all the experiments, the temperature of the
neutral gas has not been directly measured.

- Temperature Profile |

- A transverse temperature profile or a curved
thermal boundary will lead to complex shock
structure. This may occur as the shock passes
through the hot cathode or anode fall regions
of the discharge. (Well away from the centerline
of the experiment)

- Models indicate the apparent shock splitting
and the density rise echo experimental
observations

‘Nonuniform Temperature Field

- Shock splitting has been seen in turbulent
mixtures of gases. If the plasma has hot and cold
regions, a similar shock break-up may occur.




M = 1.03 SHOCK PROPAGATION THROUGH

HE + R 12 TURBULENT MIXTURE

Hesselink and Sturtevant
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CONCLUSIONS ON DRAG REDUCTION

- All the experimental phenomena we examined are
consistent with thermal gradient effects

- Ballistic range data needs to be studied in more detail

- Accurate temperature and density measurements need
to be made

- There may be some effects of thermal gradients, unsteady
phenomena, vorticity, and random or flickering heat addition.




PRINCETON PROGRAM

Development of new diagnostics for temperature and
density imaging

New World Vistas

- Sustaining microwave driven plasmas in a Mach 3 flow
- Plasma effects on the bow shock in a Mach 3 flow.

- Study of basic mechanisms of acoustic wave

interactions and shock dynamics in stationary plasmas

Plasma Ramparts

- Experimental studies of the control of plasma
filamentation

- Kinetic model development for pulsed ionized
air plasmas

- Modeling nonequilibrium molecular processes

- High power microwave driven discharge dynamics

- Stabilizing and extending microwave driven plasmas
with magnetic fields

Mariah II (Radiatively Driven Wind Tunnel augmented by MHD)

- Sustaining conductivity in atmospheric pressure air
with electron beams

- : Acceleration and deceleration of supersonic flows in
MHD channels

- Energy coupling into high pressure air

- MHD acceleration with filamentary discharges

a




PLASMA TEMPERATURE MEASUREMENT
BY FILTERED RAYLEIGH SCATTERING

Rayleigh Scattering

- Total Scattering is Proportional to Density

- Linewidth is proportional to /T

- ~ Signal is weak

- Background scattering is at nearly the same
frequency

Filtered Rayleigh Scattering
- - Eliminates Background Scattering
- Permits Measurement of Linewidth

a T Laser

b /\ Rayleigh scattering + background

c filter profile

d . ’\ imaged signal (no background)




FILTERED RAYLEIGH SCATTERING

Source

Filter

Camera

IMPLEMENTATION

Tunable Ultfaviolet, Injection Locked Laser
Ti:sapphire with “Ramp and Lock” Technology
(Schwartz Electro-Optics)

Atomic Mercury Vapor

2” Diameter Cell Held at 40°C with a
hot water bath (vapor pressure 1 Torr)

UV Sensitive, Intensified CCD (Princeton
Instruments)




SEQUENTIAL RAYLEIGH IMAGES OF MACH 2.5
SHOCKWAVE / BOUNDARY LAYER INTERACTION

AT A 14° WEDGE

Framing rate is 500,000 images per second

O




Mariah II

No wind tunnel can at present be run to accurately
simulate flight conditiona at higher than Mach 8§
- 240K, (120,000 ft) requires 2800K, 8 atm in plenum
- NO contamination
- - Low static T or low static P (enthalpy
too low or entropy too high)
- Short time operation

Radiatively Driven concept adds energy downstream of

the throat in the supersonic section

- Static temperature stays low

- Low temperature but high pressure in the plenum

- Concept is driven by lasers or electron beams

- Demonstrated with 10KW laser in December at
Wright Labs

MHD section is to be added to further accelerate the

flow after the Radiative section

- Reduces the front end pressure requirement

- Extends the envelop of the tunnel

- Requires electron beam sustained
conductivity

- Must operate at close to room temperature
and at pressures on the order of .1 atm.
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RDHWT Review April 23 - 24, 1997

Beams
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Thermodynamic limit of RDHWT:
A=TAs

T, can't be extremely high (erosion, chemistry);
minimum s is defined by incompressibility;
maximum s is defined by test section requirements.

" THERMODYNAMIC ADVANTAGE OF MHD

Total enthalpy augmentation:

b, = TAs
K-1

where K= E/(uB)= (Energy added)/(Push work)

The best thermodynamically:

when K—1, Ah, can be large even for small T-As
(non-entropy-generating energy addition).

However, when K—1, j=oc-(E—uB) —0,
and to add |
Ah, = cK(K-1)uB*L/p ,

verfy.large conductivity, ¢, and/or length, L, would be
required




AJAX
Proposed by Russians in 1990
(Vladimir Freistadt -
State Hypersonic Systems Scientific Research Enterprise
St. Petersburg)

MHD converter in the inlet connected to MHD accelerator in the
nozzle to by-pass free stream kinetic energy and reduce the entropy
rise in the inlet.

- Reduces the flow to subsonic in the combustor
- ' MHD conditions almost the same as Mariah II
- Requires some method to sustain conductivity

Reduction in vehicle drag by cold plasma injection at the nose

Increase of combustion volume and efficiency within the engine by
~ plasma injection or injection of materials ahead of the fuel injectors

Reforming of kerosene and water into hydrogen and CO for fuel.
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